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(54) SEMICONDUCTOR OPTICAL MODULATOR 

(57)Abstract: 

PURPOSE: To provide the waveguide type optical modulator by a low 
operating voltage and voltage impression of a low device loss. 
CONSTITUTION: A 1st stripe structure consisting of a semi-insulating 
clad layer 4, a semHnsulating waveguide layer 5, a semi-insulating clad 
layer 7, and a semi-insulating clad layer 8 and a 2nd stripe structure 
consisting of the layers 4 to 7 are intersected and disposed on a 
substrate 3 contg. a conductive clad layer 2. The electric field is 
impressed to the optical waveguide layer 5 by impressing a reverse bias 
voltage between the substrate 1 and the 2nd stripe. The formation of 
the conductive clad layer 7 as a thin layer is possible and, therefore, the 
low operating voltage is attained. In addition, the light absorption of the 
propagated light in the conductive clad layers 2 and 7 is decreased and 
the low loss is attained. 
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(54) [Title of the Invention] Semiconductor optical modulator 
(57) [Abstract] 

[Object] There is provided a waveguide type optical modulator 
by voltage application of a low operating voltage and of a low 
device loss. 

[Composition] A first striped structure consisting of a 
semi- insulating cladding layer 4, a semi-insulating optical 
waveguide layer 5, a semi-insulating cladding layer 6, a 
conductive cladding layer 7 , and a semi -insulating cladding layer 
8 and a second striped structure consisting of the layers 4 to 
7 are crossed and disposed on a substrate 3 including a conductive 
cladding layer 2 , and an electric field is applied to the optical 
waveguide layer 5 by applying a reverse bias voltage between 
the substrate 1 and the second striped structure . The conductive 
cladding layer 7 can be thinned, and therefore a low operating 
voltage can be realized , and a low loss can be realizedby lessening 
the photoabsorption of propagating light in the conductive 
cladding layers 2 and 7 - 
[What is Claimed is;] 

[Claim 1] A semiconductor optical modulator comprising: 

a semiconductor substrate consisting of a semi-insulating 
semiconductor substrate and a conductive semiconductor layer, 
the conductive semiconductor layer being embedded in a part of 
the semi-insulating semiconductor substrate by a predetermined 
depth from a surface of the semi-insulating semiconductor 
substrate, the conductive semiconductor layer forming a flat 
surface in cooperation with the semi-insulating semiconductor 
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substrate; 

a first semi-insulating cladding layer disposed on the 
conductive semiconductor layer; 

a semi -insulating optical waveguide layer disposed on the 
first semi- insulating cladding layer; 

a second semi-insulating cladding layer disposed on the 
semi-insulating optical waveguide layer; 

a conductive cladding layer disposed on the second 
semi-insulating cladding layer; and 

a third semi-insulating cladding layer disposed on the 
conductive cladding layer; 

wherein a first striped structure is constructed of the 
first semi-insulating cladding layer, the semi -insulating 
optical waveguide layer, the second semi-insulating cladding 
layer, the conductive cladding layer, and the third 
semi -insulating cladding layer that are superposed on the 
conductive semiconductor layer; a second striped structure is 
constructed of the first semi -insulating cladding layer, the 
semi -insulating optical waveguide layer, the second 
semi -insulating cladding layer, and the conductive cladding 
layer, the second striped structure being connected to the first 
striped structure and being disposed so as to be crossed with 
the first striped structure; the second striped structure is 
extended from above the conductive semiconductor layer to above 
the semi-insulating semiconductor substrate; a second electrode 
is disposed on the conductive cladding layer of the second striped 
structure on the semi-insulating semiconductor substrate; and 
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a first electrode is disposed on a part of the conductive 
semiconductor layer where the first and second striped structures 
are not disposed. 

[Claim 2 ] A semiconductor optical modulator according to Claim 
1, wherein the semi-insulating optical waveguide layer has a 
multi-quantum well structure. 

[Claim 3] A semiconductor optical modulator according to Claim 
1 or Claim 2, wherein the semi-insulating optical waveguide layer 
is provided with at least one of the first and second 
semi-insulating cladding layers. 

[Claim 4] A semiconductor optical modulator according to any 
one of claims 1, 2, and 3, wherein a conductive semiconductor 
substrate is used instead of the semi-insulating semiconductor 
substrate, and the conductive semiconductor layer is removed. 
[Detailed Description of the Invention] 
[0001] 

[Technical Field of the Invention] The present invention 
relates to a semiconductor optical modulator that controls a 
phase state or light intensity of propagating light that 
propagates through a semiconductor optical waveguide while 
applying voltage to the optical waveguide , and more particularly 
to a semiconductor optical modulator that is used as a super 
high-speed and low-loss optical modulator and that is widely 
applied as a basic device for super- span optical communications 
or for optical information processing. 
[0002] 

[Prior art] Optical modulators that control a phase state or 
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intensity of waveguide light while applying voltage to a 
semiconductor optical waveguide have been keenly researched as 
devices for fiber optics communication or for optical information 
processing. In many of these optical modulators, an 
electrooptic effect in a broad sense is used as the operational 
principle thereof . Therefore, generally, a sectional structure 
of the modulator is formed such that a semi- insulating optical 
waveguide layer is sandwiched by electroconductive cladding 
layers from both sides so as to heighten interaction between 
waveguide light and applied voltage and so as to effectively 
use an electrooptic effect . 

[0003] FIG. 8 is a perspective view showing an example of a 
conventional semiconductor optical modulator (reference 
document: Kouichi Wakita, "High-speed Electrooptic Phase 
Modulators Using InGaAs/ InAlAs Multiple Quantum Well 
Waveguides , " IEEE Photonics Technology Letters , Vol . 1 , pp . 
441-442, 1989) . 

[0004] In FIG. 8, 101 is an n type InP substrate, 102 is an 
n type InAlAs cladding layer, 103 is an optical waveguide layer 
consisting of a semi- insulating multi-quantum well, 104 is a 
p type InAlAs cladding layer, and 105 is a p type InGaAs cap 
layer, which are superposed in this order. The layers 102 to 
105 have a mesa stripe structure. Ill is an n type electrode 
disposed on the lower surface of the substrate 101, 112 is a 
p type electrode disposed on the upper surface of the cap layer 
105, 113 is a Si0 2 film provided in such a way as to cover the 
upper surface of the substrate 101 and the side face of the mesa 
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structure, and 114 is a polyimide layer provided on the side 

face of the mesa structure. 

[0005] 

[Problems to be Solved by the Invention] This conventional 
optical modulator has a structure in which both sides of the 
semi-insulating optical waveguide layer 103 are sandwiched 
between the p type conductive cladding layer 104 having 
sufficient thickness and the n type conductive cladding layer 
102 and the n type semiconductor substrate 101 connected directly 
to the n type cladding layer 102. Therefore, waveguide light 
that propagates while having the center of intensity distribution 
in the semi-insulating optical waveguide layer 103 propagates 
through the optical modulator while holding great intensity 
distribution also in the p type and n type conductive 
semiconductors 104, 102, and 101 between which the 
semi-insulating optical waveguide layer 103 is sandwiched. 
Since light propagating through the thus formed conductive 
semiconductors undergoes extremely large photoabsorption , the 
conventional optical modulator has a defect in the fact that 
the loss of the modulator itself is remarkably large. 
[0006] As a conventional structure to lessen the loss of the 
optical modulator, there is a structure in which a 
semi-insulating InP cladding layer 122, a semi-insulating 
InGaAsP optical waveguide layer 123, a semi-insulating InP 
cladding layer 124 , and a p type InP cladding layer 125 are placed 
on an n type InP substrate 121 in this order as shown in FIG. 
9, and in which the semi-insulating cladding layers 122 and 124 
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are inserted between the optical waveguide layer 123 and the 
conductive substrate 121 and between the optical waveguide layer 
123 and the conductive cladding layer 125, respectively. 
However, in order to lower the operating voltage of the optical 
modulator, the thicknesses of the semi-insulating cladding 
layers 122 and 124 cannot be increased, and, as a result, it 
is impossible to remarkably reduce light intensity distribution 
in the conductive cladding layer 125. 

[0007] It is therefore an object of the present invention to 
provide a waveguide type optical modulator by voltage application 
in which an operating voltage is extremely low, and a device 
loss is also extremely small. 
[0008] 

[Means for Solving the Problems ] In order to achieve this object , 
the invention according to Claim 1 is characterized by 
comprising: a semiconductor substrate consisting of a 
semi -insulating semiconductor substrate and a conductive 
semiconductor layer, the conductive semiconductor layer being 
embedded in a part of the semi- insulating semiconductor substrate 
by a predetermined depth from a surface of the semi- insulating 
semiconductor substrate, the conductive semiconductor layer 
forming a flat surface in cooperation with the semi- insulating 
semiconductor substrate; a first semi- insulating cladding layer 
disposed on the conductive semiconductor layer; a 
semi -insulating optical waveguide layer disposed on the first 
semi -insulating cladding layer; a second semi-insulating 
cladding layer disposed on the semi -insulating optical waveguide 
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layer; a conductive cladding layer disposed on the second 
semi- insulating cladding layer; and a third semi- insulating 
cladding layer disposed on the conductive cladding layer ; wherein 
a first striped structure is constructed of the first 
semi-insulating cladding layer, the semi-insulating optical 
waveguide layer, the second semi-insulating cladding layer , the 
conductive cladding layer, and the third semi-insulating 
cladding layer that are superposed on the conductive 
semiconductor layer; a second striped structure is constructed 
of the first semi-insulating cladding layer, the semi-insulating 
optical waveguide layer, the second semi- insulating cladding 
layer, and the conductive cladding layer, the second striped 
structure being connected to the first striped structure and 
being disposed so as to be crossed with the first striped 
structure; the second striped structure is extended from above 
the conductive semiconductor layer to above the semi- insulating 
semiconductor substrate; a second electrode is disposed on the 
conductive cladding layer of the second striped structure on 
the semi -insulating semiconductor substrate; and a first 
electrode is disposed on a part of the conductive semiconductor 
layer where the first and second striped structures are not 
disposed. 

[0009] The invention according to Claim 2 is characterized in 
that the semi-insulating optical waveguide layer has a 
multi-quantum well structure. 

[0010] The invention according to Claim 3 is characterized in 
that the semi- insulating optical waveguide layer is provided 
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with at least one of the first and second semi -insulating cladding 
layers . 

[0011] The invention according to Claim 4 is characterized in 
that a conductive semiconductor substrate is used instead of 
the semi -insulating semiconductor substrate, and the conductive 
semiconductor layer is removed. 
[0012] 

[Action] According to the waveguide type optical modulator by 
voltage application of the present invention, both an operating 
voltage and a device loss can be lowered to such an extent that 
these cannot be theoretically lowered in the conventional optical 
modulator. In the conventional waveguide type optical 
modulator by voltage application, the lowering of an operating 
voltage has inevitably caused an increase in the loss of the 
optical modulator itself. In other words, a waveguide type 
optical modulator having characteristics satisfying both a low 
operating voltage and a low device loss was not able to be realized 
according to the conventional technique. In contrast, in the 
waveguide type optical modulator of the present invention, both 
the low operating voltage and the low device loss that are in 
a trade-off relationship with each other can be simultaneously 
satisfied by using a structure in which semi-insulating cladding 
layers are disposed on both sides, respectively, of a 
semi- insulating optical waveguide layer and in which conductive 
cladding layers are disposed on both outer surfaces of these 
semi-insulating cladding layers. 

[0013] Operations in a practical low voltage region can be 
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performed by the optical modulator of the present invention, 
this being extremely effective especially when the modulator 
is operated at high speed . Furthermore , according to the present 
invention, since a device loss with respect to signal light is 
reduced, the attenuation of the intensity of signal light can 
be avoided not only when only one optical modulator is used but 
also when a plurality of optical modulators are connected 
together in longitudinal array. 
[0014] 

[Embodiments] Embodiments of the present invention will be 
hereinafter described in detail with reference to the drawings. 
[0015] (Embodiment 1) FIG. 1 is a perspective view showing a 
first embodiment of the semiconductor optical modulator of the 
present invention, and FIG. 2 is a sectional view along line 
A- A' of FIG. 1. 

[ 0016 ] Herein , 1 is a semi-insulating semiconductor substrate , 
and 2 is a conductive semiconductor layer embedded in the 
substrate 1 . The semi-insulating semiconductor substrate 1 and 
the conductive semiconductor layer 2 constitute a semiconductor 
substrate 3 having a flat surface. 4 is a semi- insulating 
cladding layer, 5 is a semi-insulating optical waveguide layer, 
6 is a semi- insulating cladding layer, 7 is a conductive cladding 
layer, and 8 is a semi- insulating cladding layer. These layers 
4 to 8 are superposed on the semiconductor substrate 3 in this 
order, and a striped structure 21 is formed of these layers 4 
to 8 . A second striped structure 22 is formed of the layers 
4 to 7 so as to be crossed with the striped structure 21 and 
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so as to make an angle greater than, for example, ten degrees 
therewith, and both striped structures 21 and 22 are connected 
together. An electrode 31 is disposed on the conductive cladding 
layer 7 , which is the uppermost layer of the striped structure 
22. Further, an electrode 32 is disposed on the conductive 
semiconductor layer 2 . An electric field can be effectively 
applied to the semi-insulating optical waveguide layer 55 by 
applying a reverse bias voltage between the two electrodes 31 
and 32. 

[0017] A structural feature of the semiconductor optical 
modulator of the present invention can be easily understood by 
the sectional view of FIG. 2. That is, since the conductive 
cladding layers 2 and 7 disposed under and above the optical 
waveguide layer 5 can be thinned to apply an electric field to 
the semi -insulating optical waveguide layer 5 for modulation, 
optical field distribution in the conductive cladding layers 
2 and 7 can be reduced. Therefore, the photoabsorption of 
propagating light in the conductive cladding layers 2 and 7 can 
be reduced. 

[0018] FIG. 3 shows a calculation result of a propagation loss 
of an optical waveguide having this structure. The calculation 
was performed concerning a slab optical waveguide shown in FIG. 
4, and, to be compared with this, also the conventional 
semiconductor optical modulator shown in FIG. 9. According to 
FIG. 3, it is understood that the structure of the present 
invention shown in FIG . 4 makes it possible to make the propagation 
loss smaller by 40% or more than the conventional technique. 
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[0019] Since the thus thinned conductive cladding layers 2 and 
7 can remarkably reduce the absorption of propagating light in 
comparison with the conductive cladding layer 125 having such 
a great thickness as shown in the conventional technique, the 
distance between the conductive cladding layers 2 and 7 disposed 
under and above the semi -insulating optical waveguide layer 5 
can be shortened under a state in which the propagation loss 
caused by photoabsorption is kept at a fixed level. Therefore, 
when voltage applied from the outside is made constant, the 
intensity of an electric field in the optical waveguide layer 
5 can be raised, and the modulation efficiency of the optical 
modulator can be greatly improved. 

[ 0020 ] Since the first striped structure 21 is greater in height 
of the stripe by the thickness of the semi- insulating cladding 
layer 8 than the second striped structure 22, the equivalent 
refractive index of the first striped structure 21 becomes 
greater than the equivalent refractive index of the second 
striped structure 22. As a result, waveguide light that 
propagates through the semi- insulating optical waveguide layer 
5 disposed just under the first striped structure 21 has few 
cases in which its waveguide characteristics are affected by 
the second striped structure 22. 

[0021] Still additionally, since the second striped structure 
22 is connected to the first striped structure 21 in such a way 
as to be crossed with the first striped structure 21, for example, 
at an angle of ten or more degrees , waveguide light propagating 
through the semi -insulating optical waveguide layer 5 disposed 
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just under the first striped structure 21 becomes even smaller 
in influence in waveguide characteristics received by the second 
striped structure 22 . Therefore, advantageously, the disorder 
of waveguide light caused by the second striped structure 22 
for forming an electrode used to apply voltage is negligible, 
and the waveguide characteristics are the same as waveguide 
characteristics in a single optical waveguide formed of only 
the first striped structure 21. 

[0022] (Embodiment 2) FIG. 5 shows a second embodiment of the 
present invention, and the basic structure is the same as in 
the first embodiment shown in FIG. 1 and FIG. 2. However, there 
are formed a plurality of second striped structures 22 for the 
formation of an electrode pad used to apply voltage that is 
connected to a main optical waveguide through which an optical 
signal propagates, which corresponds to the first striped 
structure 21 in FIG. 1 and FIG. 2, in such a way as to be crossed 
therewith, for example, at an angle of ten or more degrees. 
Thereby, as an advantageous effect, resistance between the 
electrode 31 and the conductive cladding layer 7 disposed above 
the semi -insulating optical waveguide layer 5 is lowered, and 
the high-frequency characteristics of the optical modulator are 
improved . 

[0023] (Embodiment 3) FIG. 6 shows a third embodiment of the 
present invention, and the basic structure is the same as in 
the first embodiment shown in FIG. 1 and FIG. 2. However, there 
are formed a plurality of second striped structures 22 for the 
formation of an electrode pad used to apply voltage that is 
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connected to a main optical waveguide through which an optical 
signal propagates , which corresponds to the first striped 
structure 21 in FIG. 1 and FIG. 2, in such a way as to be crossed 
therewith, for example, at an angle of ten or more degrees, and 
parts of these second striped structures 22 on which the 
electrodes 31 are disposed are connected together, so that the 
single electrode 31 can be disposed. Thereby, as an advantageous 
effect, resistance between the electrode 31 and the conductive 
cladding layer 7 disposed above the semi -insulating optical 
waveguide layer 5 is lowered, and the high-frequency 
characteristics of the optical modulator are improved, and, 
advantageously, efficient wiring can be achieved by unifying 
the plurality of electrodes 31. 

[0024] (Embodiment 4) FIG. 7 shows a fourth embodiment of the 
present invention, and the basic structure is roughly equivalent 
to the structure in which two semiconductor optical modulators, 
each of which is the semiconductor optical modulator of the 
present invention shown in FIG. 1 and FIG. 2, are disposed in 
parallel with each other. However, this is different from the 
first embodiment shown in FIG. 1 and FIG. 2 in the fact that 
the layers 4 to 6 are planar ly formed, that the first striped 
structure 21 is formed of a part of the semi- insulating cladding 
layer 6 , the conductive cladding layer 7 , and the semi -insulating 
cladding layer 8 , that the two striped structures 21 are disposed 
in parallel, and that the second striped structure 22 is formed 
of a part of the layer 6 and the layer 7. 

[0025] The reason is that, in the fourth embodiment shown in 
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FIG. 7, the structure is formed so that voltage can be applied 
independently to the two optical modulators parallel to each 
other and so that the semi- insulating optical waveguide layer 
5 continuously exists without being cut by parts just under the 
two optical modulators and by a gap therebetween, whereby 
waveguide light of the optical modulators can interact with each 
other. 

[0026] Further, a hole 40 is bored into the layers 4 to 6, and, 
through this hole 40, the electrode 32 is disposed on the 
conductive semiconductor layer 2 disposed just under the two 
optical modulators parallel to each other. Thereby, the 
electrode 32 connected to the layer 2 can be disposed to be shared 
between the two optical modulators. 

[0027] This structure allows the fourth embodiment shown in 
FIG. 7 to perform a function as a directional coupler. 

[0028] As a matter of course, the directional coupler shown 
in the fourth embodiment has both the advantage of a low operating 
voltage and the advantage of a low device loss as in the first 
to third embodiments . 

[0029] In the first to fourth embodiments mentioned above, a 
bulk crystal or a multi-quantum well structure may be employed 
as the optical waveguide layer of the optical modulator. In 
the former case, a Franz -Keldysh effect and an electrooptic 
effect are used as a method of controlling waveguide light by 
voltage application, and, in the latter case, a quantum Stark 
effect and an electrooptic effect are used as the method. 
[0030] In the embodiments described above , the semi- insulating 
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cladding layers 4 and 6 are disposed on the lower surface and 
the upper surface, respectively, of the optical waveguide layer 
5, but, without limiting the present invention to these 
embodiments, the semi- insulating cladding layer 4 or 6 may be 
disposed on at least one surface of the optical waveguide layer 
5. 

[ 0031 ] In the embodiments described above , a substrate in which 
the conductive semiconductor layer 2 is embedded in the 
semi-insulating semiconductor substrate 1 is used as the 
semiconductor substrate 3, but, without limiting the present 
invention to this example , a conductive semiconductor substrate , 
such as an n type InP substrate, in which the conductive 
semiconductor layer 2 is not embedded, may be used instead of 
the semiconductor substrate 3. 
[0032] 

[Effects of the Invention] According to the present invention, 
semi -insulating cladding layers are disposed on both surfaces, 
respectively, of a semi-insulating optical waveguide layer, and 
conductive cladding layers are disposed on both outer faces of 
these semi-insulating cladding layers, and therefore these 
conductive cladding layers can be thinned, and hence the 
photoabsorption of propagating light in the conductive cladding 
layer can be reduced . Hence , according to the present invention , 
operations can be performed in a practical low voltage region. 
This is extremely effective especially when the modulator is 
operated at high speed. Additionally, according to the present 
invention, since a device loss with respect to signal light is 
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reduced, the attenuation of the intensity of signal light can 
be avoided not only when a single optical modulator is used but 
also when a plurality of optical modulators are connected 
together in longitudinal array. 
[Brief Description of the Drawings] 

[FIG. 1] A perspective view showing the first embodiment of 
the present invention. 

[FIG. 2] A sectional view along line AA 1 of FIG. 1 of the first 
embodiment of the present invention. 

[FIG. 3] A view showing a calculation result of a propagation 
loss of the optical waveguide in the present invention. 
[FIG. 4 ] A sectional view showing a slab type optical waveguide 
model used in the calculation of the propagation loss of FIG. 
3. 

[FIG. 5] A perspective view showing the second embodiment of 
the present invention. 

[FIG. 6] A perspective view showing the third embodiment of 
the present invention. 

[FIG. 7] A perspective view showing the fourth embodiment of 
the present invention. 

[FIG. 8] A perspective view showing the prior art. 
[FIG. 9] A sectional view showing another prior art. 
[Description of Symbols] 

1 Semi- insulating semiconductor substrate 

2 Conductive semiconductor layer 

3 Semiconductor substrate 

4 Semi -insulating cladding layer 
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5 Seml-insulating optical waveguide layer 

6 Semi -insulating cladding layer 

7 Conductive cladding layer 

8 Semi-insulating cladding layer 

21 First striped structure 

22 Second striped structure 
31,32 Electrode 

40 Hole 

101 n type InP substrate 

102 n type InAlAs cladding layer 

103 Semi-insulating multi-quantum well optical waveguide layer 

104 p type InAlAs cladding layer 

105 p type InGaAs cap layer 

111 n type electrode 

112 p type electrode 

113 Si0 2 film 

114 Polyimide layer 

121 n type InP substrate 

122 Semi-insulating InP cladding layer 

123 Semi-insulating InGaAsP optical waveguide layer 

124 Semi -insulating InP cladding layer 

125 p type InP cladding layer 
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FIG. 3 

(1) Propagation loss 

(2) Semi- insulating InP cladding layer thickness 
FIG. 4 

8 Semi -insulating InP cladding layer 

7 p type InP cladding layer 

6 Semi -insulating InP cladding layer 

5 Semi-insulating InGaAsP optical waveguide layer 

4 Semi-insulating InP cladding layer 

2 n type InP cladding layer 

1 Semi-insulating InP substrate 

FIG. 9 

125 p type InP cladding layer 

124 Semi -insulating InP cladding layer 

123 Semi -insulating InGaAsP optical waveguide layer 

122 Semi -insulating InP cladding layer 

121 n type InP substrate 

*************************************** 
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*^®±(C® 1 ©X F 5-f :/«i§&«|£U gliBIS 1 
2 ©#*8*IH4? 5 >y F Jf *>£ i*S3$mtt* 9 s» F JI (* 

<t t) Mian 1 ©x f yraiuc&sfcsn, *>tpfais$g 
i ©x h 5< ^«jg^53f-rs j:^ teieesnfcB 2 © 

Xh5-fy#|igS«^U ^2©X h9'Y^ , «liS*ltl 
fa«mte¥3Sft:Ji©±2fa> £ WI2*i(gjBrt4#«^S«© 
±^M«ES-8\ B9iB*«j&tt#^S«±©aM^2 
©X F :/*ifi©fl9B3Mttt* 7 >;/ H»©±IC» 2 © 

t*si2©x h^-i ■7mmtmmt<nx^te^&ft<o±fc 
m i ©«s ^leta u c. t & t -r s * sjfrjt^pi 

2 ] l B«©¥*SS#:3fca!lfl8fc*5^ 

m^m 3 ] it ^ i 2 ftmv>*mi*yt&m% 
\z^x, mm#tm&ytmmm\zMVTtin$amijs£ 
wm 2 nm-mmtep^y f®©-5*>©*j»s< tfc-*^ 

[»^4] w*fli, 2 3 ©v»ma»©«fc 

&vm>t)\zm®&#mft&m&mi<\ &&zfmmm® 

[0 0 0 1] 
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[0 0 0 2] 

mmm a s ^ t-f x t tti/u 

[0003] 08it **co¥«#3eaeas<z>— 

T»«§BT*S (##:£fflt : Kou i ch i Waki 
t a, "High-speed Electroopt 
icPhase Modulators Using 
I nGaAs/I nA 1 As Multiple Qu 
antum Well Waveguides", IE 
EE Photonics Technology L 
20 etters. Vol. 1, pp. 44 1-442, 1 
98 9). 

[0 0 0 4] 0 8 1:^^ lOUin^InPSfi; 
102ttn^InAIAs^7^h # I, 10 3f^^i 
tt*ft^#F*>e>ft*3fc#*», 1 0 4lipfInA 
lAs^7yHi» lOSf^p^InGaAs^t^ 

m~c$><oT* z&mmzmmznx^z. 1102-1 

oTmizmmisZinBmm. 1 1 2^ty^Hi 05 
<D±m\zmmvtti>mmm, 1 1 3^s«i 0 i<D±m 
30 £*vm&<Dmm£*m5j:v\zm'tits io, m. 1 

[0 0 0 5] 

~c\t. #iBittx«ui 103 <Dmw&mm&-{-mzm 
v> p m<Dmn&? 7yKiio4tn mnmm&z >y 

HMl 0 2^^0n^77HSl 0 2tcSS^ 
T^n^»#S«l 0 1 LX&&&tsmmZ:te^T^ 
Lfci5bT, **&Ktfi^Si£Jg 1 0 3 fcgftS»*(0 

^ «^ 1 0 3&&tsvmtn&<Dmmi&¥m»i 0 4, 1 

02^W1 0 l*(C^7C^^3affi^*^«^L^dt 

[0006] ftmmm&ft(»m!k%i&m?z^m<Dm 

fetl,T\*, m9\Zm-r^3\Z, njf^InPS«12 1 
±l:*«»ttI.nP^9yHil2 2 l ¥»j»ttInG 
aAsP*««®123, *»8ttInP^7^HIl 

^ 24, v>i&inp>7?y}tmi2s&z.o)mmz&mL 
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x. yem&m 1 2 3 iimm&&m. 1 2 1 &<kzsmn&? 

7? FBI 2 5t(DW^««tt^^?/F»l 2 2 ^5 J: 
»124ftJ»AUfclttm. b*>bfc*te>, ft^P 

HI1 2 2, 1 2 4©BJ«JiKT*C£#T#?\ « 
#»CMtt^7yHIl 2 5*®363ftS#*£»b< 

[ooo7] *mmoB»i** mmmmtzj:* 

[00 08] 

StifcSS 1 o#«itt^7?r FB£. Km 1 O^mnttt 

Rfl-Tt^RBJifcEBSftfclB 2 ©*Mft»tt* v v FB 
Rig 2 <E>¥*fcl£«:;7 ^ y FBJtfcESSn&HMtt 

9 9 y Hit, R«*tt^ 5 FB±fcE«S*i;fc» 3 

©*«Mft^5yFitMA, *IEflSl<D¥*eRtt* 

7yFH, iftE¥»il§te3E*i&B* MEfg2©¥i»»tt 
FB* ttlBMtt^ ^ y FB* «fct«S 3 

tt* 5 y PB££ DttE*«tt¥«ra±lcS 1 <OX b 
TlffittftJMtb; »B*1 ©¥»Rtt*^y FB, 

lfrffi¥itt»*3tW«B, HMBfll 2 o*MH£ 9 ^ y FB 

*J:tfmB**tt»9? PBfcJ: DttEB 

xts<t ^ fcEBsn&» 2 ox f ^ ^«is^«^ 

E#«tt^^y FB©±fc»2©«K*E«U IJE« 

5 *>®mm i *5£tf3& 2 <z>x f ^ ?m 

[0 0 0 9] W#«2EfUD3S91«* WE*»J»tt«W 
SBtt#S&^#F«i£&#^S C 

[0 0 10] MttBdEttOffilltt. mB¥!fifttt3H* 
SB K**bTft&IEf& 1^^2 co^ffij&tt^ ?y FB 

[0 0 11] »*«4E*©3MHtt* ItfiiMftM&HI 

wttttrara b*t c t t -r 

[0 0 12] 

uipjsi *&woQmwmz&zmm&myt : &mmz& 
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BOHffi»c*n*n*lft»tt^9y FBSEBU £tt 

\*m<Dwmmmzmm&? ? ? fb& 

[0013] **wco3fe*isg(cj:D, mm&jta&mm 
m&~c<DW}ft&vjm£t!iX)* zn\tmz3m&&tsmwi 

[0 0 14] 

[0015] (^Jfi^ 1) 0 1 *^^0!>¥S^^ 
1 ©^JSOT&^T«aa H2«H1(D«A- 

[0016] 1 \&*tm&*mt*mwi* 2«s 
*ifc«»a*n&««tt4«»»BT*o. cn^¥^ 
tm^mmm 1 t««tt***B 2 ^6ftk» 
^ 3 ^«j^t^o 4 \$¥tm&? ? y f 

B, 5tt*»fttt**«B, 6»#i&i^7^Hi> 

T, ¥^#:^S3C0±fCC:n^C0B4-'8$CCr)^^ 

3t2 1 fcJMM-*. COXh7^^i®2 1 JcMbT3? 

^2<DXh^-f^«jg2 2^B4-7JCJ:D«^U M 
Xh7<yi®2 l£2 2<h£Jgi&-r3. ^h7«f/I 
2 2 ©»±BT*SW«it^ 5 V FB 7 ±tC«mffi 3 
l*ERf*. 3Sfc> ^mi4¥«*B2±{c:«®ffi3 

2&EK"r^c ^n^2t3^)fiei3 1 t3 2 tOWJCjffi 

[0017] *mw<n*mftx&mm<Dmm±<D»m 

\t* H2K«bfc»fHHfc«fcoT3a«»b»Vi. T^t> 
¥ttj»tt*»»B 5 JC*iB(Z)fe«)(0«*&BljDr«> 

B2 <h7£»<T*£t*tTt**<zre, «fitt^7^H 
B2**CX7*©3KJ|L»**««-r*Jlfc*«T*-B. * 
*UJ>*. *«tt^^!yFB2*5ci:r;7*»c^^fi«bfe 
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[0018] 03«, z.<D&oumfe*%~Dytm>m&<D 
j^X7^i»^<!:U i:ntmt^<> 09 

[0019] zoyzsizm^mntez^y f»2, 7 
^*s«tc^ens^v^®tt^^^ HH2 5 k 

&*—fe\zis7tm&tzKmmm 5 rtcomimft^iijn;* 

[0020] mi<oxh?'t7mm2 n* % 3g2<oxh 
*-f 2 2 \ztt^tm&? ? ? h» s *tx 

ofe^)^te®jf^«^2cDxh^-r^ p #Ki2 

2 1 ©itTcD^iteigrfibt*^^ 5 

[0 0 2 1] $^C5D^_T> »2<7>Xh^-r^«ii2 2 

1 COX h ^-f 2 1 0fgT®¥fftM£%*&« 5 £ 

*^i&3fc&*3l 2 COX h ^ 2 2CJ:oT§ 

mjBEWiPJBm®^j£c0&8&C0^ 2 COX h TTPfcg 2 2 

[0022] mmm2) msit* *^co^2a>^js 

W£^Tfc<OT&oT* S*»^«jSttHl^J;^H2 
^0 2^*5^^^1(0X1^^^^*^ 2 

>t©^^ei8t-^^«)co^^^»«t»^bT, l o 

mmmmmnnw^y Ywi&<Dit*b<Dm2<o* v^-i? 
mm2 2zmtkmm&?%z£\z&^T* nm3it* 
t&m&ytm&m 5 co±jj<Dmm&? ? ? h» 7 ^cora<o 

[0 0 2 3] (3§iSfl|3) ®6«U *^^3<0^Jfi 

W^tfeonot, s*M^«iit«0i^<fcr;0 2 

\Z7k\s1t&\<»^imtMfcT*1b*. fcrt:U Ell*5<fc 

era 2 (c^ft^m ioxh^ 2 1 icjtrarr 



(4) M¥5-2 7 2 7 9 

*ii2 2sa»fi^u ^-3cnssi2cDxh^7 r 

«ig2 2 C05t>. 1S3 1 £E«T*tt#fcSV>te»K 
LT, ^-COM 3 1 £BS@Ti*£ck ^ tC*T Cnid 
<fcoT> mfiB3 1 t¥»«tt^SES5(0±*<0»«tt 

«*tt*a»-r*»***rr* t*fc. s*cd«S3 1^ 
— l tib^ co mmto * mn % t » o m& & *> 

10 £>o 

[0024] <^ssM4) ^7te> *5mom4 comm 

K:2#E@bfcfc<7MCffli§T£o fcflfU JP4 — 6£¥ 
WttfcJMSU HlC0Xh^^#t^2 l^t, 
^ 5^ HB 6 cD-SB£i»m&^y FJ1 7 
7yHl8^^U ^2*<OX h^-f ^#|ji2 
l^ff^ffiM^n^ctSJC^U ^!2©Xh7 
-f 22S16 <0-g8#£li 7 

a? 0i^ctrX0 2^b^i(o^^lt^^ < hc: 
[0025] ccon&te. m 7 \z^k istcm 4 (ommrn^v 

S^^C^ff^:2*co^Plg^^35:^JBE^«I^nn? 
^^<tSIC»^U ^^«i^^^P5*JlC02* 
©3«ll»©lftTi:WI«»fcT«Ktfn«c:a:to<a« 

&mm^\zteKiiFm^i*z£o\zmmvfz&zT?& 

[0 0 2 6] Itrc. — 6iC5^C4 O&fctfT:. ilcO^C 
^ 40 &frVTm*\Z¥ftte2*<Dft&ffi&<DWLT\zmm 

isttmm&^mitm 2 <o±\zmm 3 2 sKiarr^o 

[0 0 2 7] ZL<D£oteffimz£^T, S7fC^b^H 

[0 0 2 8] C<0^4<3DH««HC^U^IftttJie 
Sl^6^3*T<O^Jfi01i:^^ ffiSrtetl 

[0 0 2 9] £4±CO^Sfi^Jl^e > 4lC^UT> 3fc^iil8 

^»^C0W«^«hUT7^>^^|/?^ y->a.S»* 

[0 0 3 0] K±fca^fc3Wt«Tli, 
Scoia^^tTFMO^Ic^jffijfttt^^^ F@4 43.fc 

zf6&*n?nmvit&* *&w\tz.n*>&mM\zm*> 
50 tvr. ym&m s<o&fc< t*>-jj(Dmiz¥mm&?^ 
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[0 0 3 1] ±J8L&*JB«Ttt, ¥mftm&3±ls 
A,fcfc<Z>£JB^*:^ *5&mi*Z<?>m\zm'otlZ>*><D*V 

&*mi*m 2 trntNL/u-ctofctonm i n pm^^ 

[0 0 3 2] 
*Wrffi0Ti&£. 

[0 3] *5gWJC^frt^3fe»«»cr>e««*ofh|)tj|e* 
[06] *^©m3(D^08^*r^BITfe^o 30 
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4$li¥5-2 7 2 7 

[0 7] **WO»4<DSOK«&^'r<*aHT**. 
[0 8] ftSWI^TiSaHT**. 
[0 9] <BcO«*WS^-r»rB0T*-5. 

1 ¥ie»tt¥**»R 

2 
3 

5 ¥$^fcfc»»Jf 

6 ¥JttM£*7?FJR 

7 *«tt^^yHI 

8 ¥*fi»tt^yFJI 

2 1 miOXh^-f :/8ti£ 
22 fg2<DXh57-r:/«Bg 

3 1,32 
40 7* 

101 InPSfi 

102 niInAUs^7yFI 
10 3 4**^^MM^#Fftz||afcJf 

104 p^InAlAs^7yHi 

105 p^InGaAs+ty^i 

111 n^fi 

112 p^l% 

113 SiOtR 

114 #IK3F» 

121 nflnPSK 

122 ^IfiiftlnP^Hl 

123 ¥ttSttInGaAsP3t^® 

124 ^»S«InP^7^>*I 

125 p^InP^Hi 

[02] 
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